Unique inflammatory lesions affecting the ascending aorta and pulmonary artery of BALB/c and C57BL/6 mice infected with murine cytomegalovirus (MCMV) were identified in a pilot and two subsequent experiments to characterize the potential effect of MCMV infection on diet-induced atherosclerotic lesions. Suckling BALB/c and C57BL/6 mice were inoculated with MCMV and subsequently fed either a commercial mouse diet or a synthetic atherogenic diet from weaning. The three experiments varied with respect to the age of the mice at the time of MCMV inoculation and the dose of virus given. The conditions of MCMV exposure were progressively modified in the three experiments to increase the prevalence of MCMV-associated inflammatory lesions in the pulmonary artery and aorta. In the final experiment, in which suckling mice were inoculated at 9 days of age, MCMV-associated artentic lesions had an observed prevalence at 8 weeks post-inoculation of 87.5% (743) in BALB/c mice on the normal diet and 100% (8/8) in C57BL/6 mice on the normal diet and in both strains on the atherogenic diet. The inflammatory lesions in both vessels were characterized by mononuclear
cell infiltrates containing CD3 +, CD4+, and CD8-t lymphocytes. The cellular infiltrates were often more intense on the adventitial surface and infiltrated into the overlying tunica media. The intima was infiltrated by mononuclear cell infiltrates that appeared to contain more macrophages and fewer lymphocytes than did the adventitial infiltrates. Although the prevalence of inflammatory lesions in the pulmonary artery and ascending aorta was independent of the atherogenic diet, lipid accumulation with formation of foam cells within the inflammatory foci was clearly dependent on exposure to the atherogenic diet in both strains. Total arterial lipid accretion in MCMV-inoculated mice of both strains was greater than that in their noninoculated counterparts because of the occurrence of inflammation-associated lipid accretion in addition to the lipid accumulation induced by the atherogenic diet alone. MCMV-associated arteritis can serve as a useful model to examine more fully the possible role of human cytomegalovirus infections in enhancing the pathogenesis of human atherosclerosis. Key words: Arteritis; atherosclerosis; mice; murine cytomegalovirus.
Herpesviruses, in particular cytomegalovirus, have been suggested to play a role in the pathogenesis of atherosclerosis in human^.^^^ In recent years, epidemiologic data indicate that human cytomegalovirus (HCMV) infection is a significant risk factor in the development of accelerated arteriosclerosis in patients that have received cardiac t r a n s p l a n t~.~J~ HCMV may act as a cofactor in exacerbating chronic host-versusgraft disease in these patients. Experimental murine and rat cytomegalovirus infections can enhance rejection of allografted tissue and exacerbate the development of accelerated arteriosclerosis following transp l a n t a t i~n .~J~J~ In contrast to the purported association of HCMV with accelerated arteriosclerosis, the conjecture that HCMV or other human herpesviruses act as cofactors in the more common, nonallograft-associated forms of atherosclerosis in humans is based largely on seroepidemiologic associations. Although it has been reported that HCMV nucleic acids exist in atheromatous arterial walls more frequently than in nonatheromatous arterial walls,* the data do not dis-tinguish between opportunistic and causative roles for the virus infection.
Arguably, the most critical piece of supportive evidence for a relationship between herpesviruses and atherosclerosis is the Marek's disease virus (MDV) model. This model was originally described as a virusinduced atherosclerosis, which occurred independent of supplemental cholesterol in the diet. l 3 Attempts to replicate the vascular lesion in the chicken revealed that cholesterol was a critical dietary supplement that supported the accumulation of lipid within the arterial intimal layer (M. Kariuki Njenga, personal observation). Intimal cellular infiltration without lipid accretion occurred in the absence of supplemental cholesterol. Critical genetic and dietary factors in the unsupplemented chickens, incorporated into the original studies of MDV-induced atherosclerosis, might have supported the ultimate atherogenic outcome seen in response to MDV infection.
In contrast to the MDV model, atherosclerosis is not a recognized sequel to herpesvirus infection in do- Dangler, Baker, Kariulu Njenga, and Chia Vet Pathol 32:2, 1995 mestic or laboratory mammals. Furthermore, unlike the chicken, most of these species do not commonly manifest spontaneous atherosclerosis, which suggests that these mammalian species do not harbor or are not exposed to an appropriate spectrum of atherogenic cofactors. Ifthe MDV model in chickens is representative of a potential outcome of herpesvirus infection in mammalian hosts, then development of atherogenic lesions in mammalian species might be contingent on encountering ancillary atherogenic cofactors. We selected the laboratory mouse to test this hypothesis. Murine cytomegalovirus (MCMV) infection was selected because it is a recognized model of HCMV infection and exacerbates the allograft rejection response in mice.4 The mouse has also been used to develop a quantitative model of diet-induced atherosclerosis. l 9 A well-defined genetic data base exists for the mouse, which includes data on strain susceptibility to MCMV infection2.22 and diet-induced a t h e r o s~l e r o s i s .~~J~-~~ A broad spectrum of monoclonal antibodies and genetic probes are available for dissecting pathogenetic mechanisms in the murine host. This report describes a unique inflammatory arterial lesion associated with MCMV infection and the possible role of this lesion on the development of atherosclerosis.
Materials and Methods

Virus
The Smith strain of MCMV (ATCC VR-194) was passaged twice in adult BALB/c mice to adapt the virus to the host and enhance the pathogenicity of the virus stock.Z1 A 10% (v/v) salivary gland homogenate was prepared and frozen in aliquots at -80 C. The minimum lethal dose of the virus stock was titered by serial 10-fold dilution and intraperitoneal inoculation of 9-day-old suckling BALB/c mice. This dose was equivalent to 200 plaque-forming units (pfu) when titered on SC-1 cells (ATCC CRL 1404). The infectious unit concentration of the virus stock was confirmed in suckling mice and on SC-1 cells after the second experiment.
Experimental infections
In each of three experiments, suckling BALB/c and C57BL/6 mice (Charles River) were inoculated intraperitoneally with diluted MCMV-infected salivary gland homogenate. The numbers of mice used for each experimental group are listed in Table 1 . The suckling mice in the first experiment varied in age and were inoculated with MCMV at approximately 7-15 days of age. The mice received a dilution of the minimum lethal dose (i.e., 2 pfu/mouse). In the second and third experiments, the litters for each strain of mice were divided into two groups. One group served as an uninoculated control and the other was inoculated with MCMV. The dose of virus was increased in the second and third experiments in an attempt to induce a higher prevalence of lesions. In the second experiment, both strains received a lo-' dilution of the minimum lethal dose of virus stock (i.e., 20 pfu/mouse) at 14 days of age. In the third experiment, the suckling mice were inoculated at 9 days of age. BALB/c mice again received a 10-1 dilution of the minimum lethal dose, whereas the concentration ofthe virus inocula for the C57BU6 mice was increased threefold (i.e., 60 pfu/mouse) to compensate for the relative genetic resistance of C57BL/6 mice to MCMV infection.z
Diet
In each experiment, the mice in each control or virusinoculated group were randomly sorted into diet groups at weaning. Half of each group received a standard laboratory mouse feed. The other half received a synthetic atherogenic diet. A conventional pelleted ration for laboratory mice was fed to mice receiving the normal diet. The atherogenic diet contained 50% sucrose, 15% cocoa butter, 1% cholesterol, and 0.5% sodium cholate and was formulated and prepared as previously described.15 Both diets were fed to mice ad libitum from weaning (21 days of age).
Evaluation of arteries
At 8 and 15-16 weeks postinfection (WPI) in experiments 1 and 2 and at 8 WPI in experiment 3, mice were randomly selected from each test group and euthanatized. The hearts were perfused with normal saline and embedded and frozen in O.C.T. compound as previously describedI9 to facilitate immunohistochemical analysis. The base of each heart was sectioned transversely into 1 0-pm sections, typically taken at 50-pm intervals. The area of analysis began at the origin of the aorta and pulmonary artery, and extended distally through the valves to the point at which the pulmonary artery bifurcated. This region is slightly longer than the region used in previous studies of diet-induced atherogenesis in the mouse. 19 The sections were stained with oil red 0 and counterstained with Mayer's hematoxylin.
To improve the quality of photodocumentation, two MCMV-inoculated BALB/c mice from the third experiment, one belonging to each diet group, were euthanatized at 13 WPI and used to prepare formalin-fixed, paraffin-embedded serial sections. The sections were cut at 50-pm intervals as described and stained with hematoxylin and eosin (HE). The arterial lesions observed in these sections were similar to the lesions observed in the previous frozen sections from the corresponding experimental groups. Monoclonal antibodies specific for the major lymphocyte subsets, CD3, CD4, and CD8, were used to characterize partially the cellular infiltrates underlying the arteritis. The initial emphasis on T lymphocyte infiltration was based on interest in MCMV as a stimulus for the arterial lesion and the association of protective immunity to MCMV with T lymphocytes of the CD8 + immun~phenotype.~ Unstained frozen sections were screened by phase microscopy to identify sections with inflammatory arterial lesions. Appropriate sections were blocked with undiluted, nonimmune rat serum at 37 C for 1 hour. Sections were incubated with rat monoclonal antibodies (GIBCO BRL, Grand Island, NY) with the following specificities and conjugated moieties: anti-mouse CD3, biotin; anti-mouse CD8, biotin; and anti-mouse CD4, fluorescein isothiocyanate. The sections were incubated at 37 C with the primary antibodies under the following conditions: undiluted anti-CD3 for 30 minutes, undiluted anti-CD8 for 30 minutes, and anti-CD4 for 1 hour. Control sections incubated with nonimmune rat serum instead of specific primary antibody were run in parallel. The sections were subsequently washed twice for 3 minutes each with phosphate-buffered saline. The biotinylated primary antibodies were detected by incubation with a streptavidin-horseradish peroxidase reagent and aminoethylcarbazole substrate (Histostain-SP kit, Zymed Laboratories, South San Francisco, CA). All control sections were negative.
Immunohistochemistry
Results
The data on the observed prevalence of arterial inflammatory lesions are described in Table 1 . The prevalence of the inflammatory lesions in all three experiments was similar in both sexes of MCMV-inoculated t layer. The intima has only a modest cellular infiltrate. HE. Bar = 25 pm. Pulmonary artery; C57BL/6 mouse from experiment 3, MCMV inoculated, atherogenic diet. The cellular infiltrate contains cells immunoreactive with anti-mouse CD8. Cellular staining is concentrated within the adventitia. Scattered positive cells are identified in the medial and intimal layers. Streptavidin-biotin immunoperoxidase complex method, aminoethylcarbazole substrate. Bar = 50 pm. Pulmonary artery; C57BL/6 mouse from experiment 3, MCMV inoculated, atherogenic diet. Control slide for detection reagent and endogenous peroxidase activity. Cellular staining is concentrated solely at adipocytes on the mice (data not shown). In the first experiment, multifocal arteritis affecting the pulmonary artery was identified in some of the mice of both strains. The prevalence of inflammatory arterial lesions was higher in the BALB/c mice (normal diet: 50%; atherogenic diet: 58%) than in the C57BL/6 mice (either diet: 25O/o), which received the same concentration of MCMV stock. Within the same strain, lesion prevalence was independent of diet. In the first experiment at 16 WPI, the prevalence of inflammatory lesions was similar to that of the corresponding experimental groups at 8 WPI; however, inflammatory lesions were now identified in the ascending aorta.
In the second experiment, suckling mice of uniform age were used to eliminate the potential effect of age variation at the time of MCMV inoculation (i.e., 7-15 days of age) on the prevalence of the lesions in the first experiment. The uninoculated control mice did not develop inflammatory arterial lesions in the second experiment. However, the inoculated mice, which received MCMV at 14 days of age, had a reduced prevalence of arterial lesions in comparison with the mice in the first experiment, despite a 10-fold increase in the amount of MCMV given to each mouse. At 8 WPI, one MCMV-inoculated BALB/c mouse in the atherogenic-diet group had pulmonary artery lesions. At 15 WPI, one MCMV-inoculated BALB/c mouse in the normal-diet had aortic lesions. Arterial lesions were not identified in MCMV-inoculated C57BW6 mice from either diet group at 8 and 15 WPI.
In the third experiment, mice were inoculated with MCMV at 9 days of age to overcome the potential effect of age-related resistance to MCMV infection on lesion development and prevalence in the second experiment. Furthermore, to overcome the effect of strain susceptibility to MCMV infection, the dose of MCMV given to C57BW6 mice was increased threefold relative to the BALB/c dose. As in the second experiment, the uninoculated controls in the third experiment did not have inflammatory arterial lesions. All groups of MCMV-inoculated mice consistently had a high prevalence of arteritis in both the pulmonary artery and aorta, in excess of the lesion rate seen in the previous experiments. Unlike the first experiment, in which aortic lesions were not observed at 8 WPI, the prevalence of aortic lesions in the third experiment was similar to that of the pulmonary arterial lesions. The inflammatory arterial lesions occurred independent of the atherogenic diet, as in the first experiment.
The inflammatory lesions had similar characteristics in all experiments. The lesions had a multifocal dist adventitial margin. Streptavidin-biotin immunoperoxidase complex method, aminoethylcarbazole substrate. Bar = 25 Pm. tribution in the walls of the pulmonary artery and ascending aorta and were characterized by focal accumulation of mononuclear cells on both the intimal and adventitial surfaces (Figs. 1, 2) . The distribution of the cellular infiltrate was often polarized, affecting the adventitial surface more severely (Fig. 3) . In Mayer's hematoxylin-stained sections, the adventitial infiltrate appeared to contain predominantly lymphocytes, whereas the intimal infiltrate appeared to contain fewer lymphocytes and a predominance of macrophages. This observation was partially confirmed by immunohistological staining using rat monoclonal antibodies to mouse CD3 (Fig. 4) , CD8 (Fig. 5) , and CD4 (not shown) lymphocyte markers. In each case, positive staining of the cellular infiltrate was apparent and staining was concentrated on the adventitial side of the affected arterial wall. The control slides had staining only at adipocytes on the adventitial margin (Fig. 6 ). Occasionally, the intimal infiltrate was admixed with a local proliferative stromal response comprised of spindleshaped cells and eosinophilic, fibrillar extracellular matrix (Fig. 7) . The intervening tunica media was frequently disrupted and contained fewer numbers of inflammatory mononuclear cells. Medial degeneration and calcification were common in association with the mural inflammation.
An important feature of the lesions that was specific to the atherogenic diet groups was the accretion of lipid deposits at the inflammatory sites, as assessed by oil red 0 staining in the third experiment. Control BALB/c mice fed the atherogenic diet had modest intimal accumulation of lipid. In contrast, oil red 0-positive staining was a consistent and prominent characteristic of MCMV-inoculated BALB/c mice with the inflammatory arterial lesion. Oil red 0 staining was predominant along the intimal surface within the cellular infiltrate; however, a more subtle staining pattern was also present as intracellular staining of medial smooth muscle cells at the inflammatory foci ( Fig. 8 ).
Similar intense oil red 0 staining was present in the atherogenic-diet MCMV-inoculated C57BL/6 mice. Although staining was present at inflammatory sites, both control and MCMV-inoculated C57BL/6 mice fed the atherogenic diet also had oil red 0-positive foci independent of inflammatory lesions. In both strains fed the atherogenic diet, oil red 0 staining was more extensive in MCMV-inoculated mice with the arteritis than in age-matched controls. Virus-inoculated mice that received the normal diet failed to develop appreciable oil red 0 staining, with the exception of infrequent positively staining inflammatory cells in arterial lesions of infected C57BL/6 mice.
Discussion
The arteritis described herein was clearly manifested in association with exposure to MCMV. The high prev- Fig. 7 . Aorta; BALB/c mouse from experiment 3, MCMV inoculated, atherogenic diet. The inflammatory infiltrate of the adventitia is more densely cellular than the intimal infiltrate. A local proliferative stromal response is present in the intima. HE. Bar = 50 pm. Fig. 8 . Aorta, BALB/c mouse from experiment 3, MCMV inoculated, atherogenic diet. Cellular inflammation is present on the intimal and adventitial surfaces. Focal intracellular lipid accumulation (i.e., foam cells) is present in the intimal infiltrate (dark staining). Intracellular lipid accumulation within medial smooth muscle cells is also evident as the dark staining granules between elastic fibers. Oil red 0, Mayer's hematoxylin counterstain. Bar = 50 pm.
alence of inflammatory arterial lesions generated in the third experiment indicates that the reduced prevalence of lesions observed in the previous experiments resulted from the lower dose of virus and/or age-related resistance to virus infection. In the first experiment, the suckling mice were of variable age at the time of inoculation with MCMV, and the dose of MCMV was 10-fold less than the dose used in subsequent experiments. In the second experiment, the mice were the same age; however, a procurement delay precluded MCMV inoculation prior to 14 days of age. The prevalence of the induced lesions was increased in the final experiment, in which the mice were obtained and inoculated at 9 days of age. Furthermore, the increase in the infectious dose given to the C57BL/6 mice in the third experiment probably offset the genetic resistance, relative to BALB/c mice, of this strain to MCMV infection, thereby increasing the observed lesion prevalence on this strain. Although these explanations for the variation in lesion prevalence among experiments may be sufficient, the conditions used in the final experiment should be regarded as preliminary, and further experiments may be necessary to establish the optimal conditions for MCMV exposure. The marked lipid accretion in association with the MCMV-associated arteritis in mice fed the atherogenic diet is indicative of an interaction between dietary factors and viral infection in the development of the lipidladen inflammatory arterial lesions. This interaction may contribute to the development of atherosclerosis. The promotion of atherosclerosis by inflammatory and/ or immune responses in general is consistent with one currently postulated mechanism of atherogenesis.20 Infections by viruses, particularly herpesviruses, have been proposed to incite local derangements consistent with atherogenesis in cells residing in arteries.6 Enhanced lipid retention in arterial cells infected in vitro and in vivo has been described,' including a report of the absorption and retention of lipid by endothelial cells from rat cytomegalovirus-infected arteries.24 In the lesions described herein, the majority of lipid retention was clearly distributed to inflammatory cells in the intima and media and medial smooth muscle cells associated with the inflammatory foci. In contrast, the adventitial inflammatory sites were unstained by oil red 0, consistent with the apparently high lymphocyte content in the adventitial lesions. The lymphocytic infiltrate is consistent with the reported relationship between CD8 + lymphocytes and protective immunity against MCMV and in this instance may represent an antiviral immune ~e s p o n s e .~
The work described here identifies MCMV exposure as a cofactor, which acts in concert with age, genetic susceptibility to infection, and genetic susceptibility and exposure to an atherogenic diet, in the enhancement of arterial lipid accumulation. We have not yet determined whether the virus is identifiable within the lesion foci, so it is unknown whether the viral infection acts as a persistent stimulus for lesion progression or is a transient insult that initiates the lesion. Studies are in progress to characterize the effects of MCMV exposure on the long-term course of atherogenesis using the diet-induced mouse model.
